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A new interface between atmosphere and high vacuum has been developed for orthogonal
injection of electrosprayed ions into a time-of-flight mass spectrometer. A small rf quadrupole
operating at 100 mtorr (1.33 3 1024 bar) is its key element. Ions enter the quadrupole with
velocities acquired in the free expansion/declustering process. As they pass through the
quadrupole their motion is constrained by the rf field. Meanwhile, they lose energy by
collisions with the gas molecules. The time delays of ions passing through the quadrupole
have been measured in order to determine the average velocities of the ions and the factors
determining this value. In addition, a simple computational model based on a Monte Carlo
approach has been developed to simulate the ion motion; it shows a considerable decrease in
both transverse and axial ion velocity components. As the result of collisional damping the
interface provides a dramatic improvement in the overall quality of the ion beam transported
into the mass spectrometer. Both resolution and sensitivity of the time-of-flight instrument are
improved and mass-to-charge ratio discrimination is greatly reduced. (J Am Soc Mass
Spectrom 1998, 9, 569–579) © 1998 American Society for Mass Spectrometry
Mass spectrometry has became a powerful ana-lytical tool for the study of biological com-pounds [1]. The necessary starting points for
such a study are the ionization of the sample molecules
and their transfer into the gas phase. For labile com-
pounds, matrix assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI) have proved
to be very effective in producing gas phase ions [2, 3].
ESI is a particularly gentle technique that is capable of
preserving even the higher order biological structure of
noncovalent complexes [4].
ESI also has the advantage of producing ions in high
charge states, so that they can usually be examined in
mass analyzers of rather modest mass-to-charge ratio
range. In spite of this, there are many interesting
biological systems that yield ions whose values of mass
to charge ratio (m/z) exceed the range of the commonly
used mass analyzers, particularly the noncovalent com-
plexes just mentioned. In such cases it is necessary to
use a spectrometer of larger m/z range. A time-of-flight
(TOF) mass spectrometer is a natural choice for this task
because its m/z range is unlimited in principle.
There are some obvious difficulties in coupling a
continuous ESI source to a TOF spectrometer because
the latter is a pulsed device. However, an efficient
solution to the problem has been provided by the
technique of orthogonal injection [5–7], in which ions
from a ESI source enter a storage region in the TOF
instrument perpendicular to the spectrometer axis and
are injected into the flight path by pulses applied to
various electrodes.
As in other types of ESI mass spectrometers, the
electrospray process is usually performed at atmo-
spheric pressure, so an interface between atmosphere
and high vacuum is needed to transport the ions into a
spectrometer. In ESI/TOF instruments there are some
particular constraints on its performance. In the sim-
plest picture, ions enter the storage region of the TOF
instrument perpendicular to the spectrometer axis with
an approximately constant velocity v> acquired in the
supersonic jet expansion/declustering process. Their
corresponding kinetic energies may range from ;1 eV
for ions of mass ;1 kDa up to 1 keV for ions ;1 MDa.
When the ions are injected into the flight path they
acquire an additional energy proportional to the accel-
erating voltage, so their axial velocity component v\ is
proportional to (z/m)1/2. Thus, the velocity after accel-
eration is the resultant of v> and v\, which depends on
m/z. If the spectrometer is optimized for transmission of
the ions of a given m/z, ions with other m/z values may
miss the detector. A possible solution to this problem is
to minimize the initial velocity v> of the orthogonally
injected ions and then reaccelerate them across a given
potential difference so that the velocity v> is then also
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proportional to the (z/m)1/2 and the direction of ions
entering the flight path is independent of m/z. The
direction can be optimized for any particular instru-
ment geometry.
This solution can be achieved by inserting an rf
multipole ion guide (operating at an intermediate pres-
sure) between the ESI source and the TOF spectrometer.
We have already reported some preliminary results on
such a device in ASMS conferences [8, 9]. Multipole ion
guides successfully implemented in other types of in-
strument were used as prototypes for our device—an rf
quadrupole operating at ;5 mtorr (6.65 3 1026 bar) for
injection into a quadrupole mass filter [10], an rf hexa-
pole operating at 100 mtorr (1.33 3 1024 bar) as a
velocity damping device for ions [11]. Results on a
quadrupole “molecular ion reactor” operating at a
pressure ;1 torr (1.33 3 1023 bar) have also been
reported recently [12].
In the following pages we describe in more detail the
results obtained from addition of a collisional damping
rf quadrupole ion guide to our orthogonal injection
TOF mass spectrometer (TOF III) [6, 7]. We also de-
scribe the results of calculations of the ion motion and
measurements of the time delays of ions passing
through the ion guide, which give some insight into the
process of collisional damping.
Experimental
Atmosphere/High Vacuum Interface
The original ESI atmosphere–vacuum interface used for
orthogonal ion injection into our TOF III mass spec-
trometer has been described previously [6]. We have
now added a heated metal capillary to provide another
stage of pumping and desolvation, and installed a new
section containing a small rf quadrupole. A schematic
diagram of the main elements of the instrument and the
new interface is shown in Figure 1.
Recently we have carried out some experiments [13]
using a nanospray source [14] but the results reported
here used a conventional electrospray assembly. In this
device a solution of an analyte is delivered to the
sharpened tip of a stainless steel needle (1) (0.45-mm
o.d., 0.11-mm i.d.) by a syringe pump (Model 55 1111,
Harvard Apparatus, Holiston, MA) with a typical flow
rate of 0.17–0.25 mL/min. Electrospraying of the analyte
against a counterflow of hot (50–70 °C) nitrogen is
performed at 3–3.5 kV potential difference between the
tip of the needle and the inlet of a metal heated capillary
(2) (0.5-mm i.d., 12-cm long). Along with nitrogen, the
ions and droplets produced are sucked into the capil-
lary where they undergo some additional desolvation
as they pass through [15].
Expansion of this mixture into the next region pro-
duces a supersonic jet. This region is pumped to a
pressure ;2.5 torr (3.33 3 1023 bar) by an Edwards 5.7
L/s (342 L/min) mechanical pump. A declustering
voltage is applied to a focusing electrode (3) installed
;10 mm downstream from the end of the heated
capillary to which it has an electrical connection. Up to
300-V potential difference can be maintained between
the focusing electrode and the flat aperture plate (4) 3
mm further downstream. The 0.35-mm-diameter aper-
Figure 1. Schematic diagram of the time-of-flight instrument
TOF III. 1—ESI ion source; 2—heated capillary; 3—focusing
electrode; 4—first aperture plate; 5—rf quadrupole; 6—second
aperture plate; 7—grids; 8—slit; 9—the storage region; 10—
extraction electrodes; 11—acceleration column; 12—electrostatic
mirror; 13—deflection plates; 14—detector.
Figure 2. Distribution of the typical potentials on the main
elements of the new interface.
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ture in the plate connects this region to the second
pumping stage containing the rf quadrupole (5); it is
evacuated to a pressure ;0.1 torr (1.33 3 1024 bar) by a
Leybold-Heraeus 12.6-L/s (760 L/min) mechanical
pump.
After passing through the quadrupole, the ions enter
the third region through a 0.75-mm-diameter aperture
in the flat plate (6). This region is pumped to a pressure
;1025 torr (1.33 3 1028 bar) by an Edwards 450-L/s
turbomolecular pump. The electrical field between this
aperture plate and grids (7) form an ion lens used to
adjust the ion beam prior to its entry through the
horizontal slit (8) (6 mm width, 1.5 mm height) into the
main chamber of the mass spectrometer.
At the beginning of the injection cycle the electrical
field in the gap of the storage region (9) is zero. After a
group of ions have filled the storage region, the process
of ion acceleration starts by applying pulses to the
extraction electrodes (10) of the accelerator column (11)
[6]. Ions then leave the acceleration column in the
direction of the electrostatic mirror (12) with ;4-keV
kinetic energy. The direction of ion motion can be
corrected, if necessary, by the deflection plates (13), so
as not to miss the detector (14). The pressure in the main
chamber is kept at ;3 3 1027 torr (4 3 10210 bar) by an
APD cryopump (;1000 L/s).
The voltages applied to the aperture plates and slits,
as well as the rf quadrupole, are adjusted to obtain
optimum ion transmission through the interface. A
typical potential distribution is shown in Figure 2.
The quadrupole rods (0.8 cm diameter and 3.5 cm
long) are supported by an insulator whose surfaces are
screened from the ion beam. The quadrupole is driven
by a small sine-wave signal generator (Model GFG-
8016G, Instec, City of Industry, CA) coupled through a
broadband rf power amplifier (Model 240L, ENI, Roch-
ester, NY), which exhibits flat gain for a wide range of
operating frequencies from 20 kHz to 10 MHz. An rf
coupling transformer constructed in our laboratory
gives an output voltage range from 0- to 1000-V peak-
to-peak. The transformer also provides the required 180
deg phase difference between the pole pairs. The quad-
rupole rods are “offset” to some dc potential interme-
diate between the potentials on the first and second
aperture plates when the switch is in position “A,” as
shown in Figure 2. For operation as a mass filter, small
positive and negative voltages are applied in addition
to each pair of rods to provide a nonzero Mathieu
parameter a [25]. For this operational mode, the switch
is in position “B.”
In its original configuration, the whole ESI interface
assembly was elevated to the 4-kV dc acceleration
potential so that the flight path of the mass spectrome-
ter was at ground. In this case the relatively high
pressure in the first stage inhibited discharges to the
grounded mechanical pump; a 1 m length of plastic
hose was sufficient. The pressure in the third and fourth
regions was low enough to prevent discharges. The
section containing the quadrupole was more of a prob-
lem. Here it was necessary to run both internal and
external voltage dividers (each consisting of 27 1-MW
resistors) along the ;1.5-m polyethylene hose; these
were sufficient to prevent electrical arcing. However,
the spectrometer has been modified recently [13] by the
insertion of an internal shield enclosing the flight path.
The shield is now electrically floated at the acceleration
potential so that the ESI source operates at near ground
potential. This modification makes it much easier to
operate, but it does not change the essential features of
the ion guide operation.
Chemicals
Solutions of proteins were prepared in deionized water,
reagent grade methanol, and glacial acetic acid (up to
5% in 1/1 methanol/water) when it was not necessary
to preserve the protein native structure. To create
conditions close to physiological ones, buffer solutions
of 5-mM ammonium acetate (99.99% purity, Aldrich
Chemical, Milwaukee, WI) or ammonium bicarbonate
(J. T. Becker, Phillisburg, NJ) were used to keep the pH
values either at ;6 for ammonium acetate or at ;7.5 for
ammonium bicarbonate. Substance P, bovine pancreas
insulin, horse heart cytochrome c, horse skeletal muscle
myoglobin, and bovine serum albumin were purchased
from Sigma Chemical (St. Louis, MO) and were used
without further purification.
Soybean agglutinin was prepared at Albert Einstein
College of Medicine, New York, NY [16] and E. coli
catalase HP II was obtained from P. C. Loewen (Micro-
biology Department, University of Manitoba). Both
samples were purified by centrifugal filtration of the
aqueous solutions, by using ultrafree-MC filters with
30,000-Da molecular weight cutoff (Millipore, Bedford,
MA). Recombinant citrate synthase from E. coli was
prepared by A. Ayed in H. W. Duckworth’s laboratory
[17] (Chemistry Department, University of Manitoba)
and supplied as solutions in 20-mM ammonium acetate
or ammonium bicarbonate; these solutions were diluted
by a factor of 4 with water and analyzed without further
purification.
Results and Discussion
Calculations
Several approaches based mainly on Monte Carlo mod-
els have been developed to simulate the processes
taking place for ions passing through a relatively high
pressure rf ion guide [10, 11]. Here we present the
results of numerical calculations that utilize some ele-
ments of both models [10, 11], adapted for our operat-
ing conditions. The details of the computational algo-
rithm are given in the Appendix.
A simulation of the ion motion of myoglobin ions
was performed with the initial parameters indicated in
Table 1. The initial coordinates of the input ions were
set randomly within a circle of a 3.5-mm radius at the
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entrance of the quadrupole. The initial velocity vectors
were generated within a cone of opening angle ;80°,
whereas the velocity vector amplitudes followed a
binomial distribution with a mean of ;1000 m/s. This
choice of ion velocity is based on our experimental
finding that optimum ion transmission requires a small
accelerating voltage ;6 6 2 V between the first aperture
plate and the quadrupole. For ions of m/z 5 1000 this
corresponds to a velocity of ;1000 m/s. The actual ion
velocity is probably considerably higher than this, be-
cause the ions retain some of the velocity (,1000 m/s)
acquired in the supersonic jet expansion, as mentioned
in the introduction above. However, the conditions
assumed in the calculation (Table 1) should be adequate
to give a good qualitative picture of the processes
taking place.
Projection of the myoglobin ion trajectories onto the
yz plane are shown as dotted lines in Figure 3A. Strong
position focusing is evident. The truncated trajectories
represent ions lost due to collisions with the rods. As
the ions pass through the buffer gas they lose energy, as
can be seen in Figure 3B, C. It was found that the kinetic
energy of almost all the injected ions approached the
mean energy of the collision gas molecules (3/2 kT
;0.03 eV) at z 5 1.5 6 0.5 cm, so the calculation was
terminated at z 5 1.5 cm. Several theories have been
proposed to explain the mechanism of ion motion past
the thermal threshold [11, 18].
Of most interest is the change in velocities. The
velocity histograms in Figure 4A, B, show that the
average axial velocity 1069 m/s for input ions is re-
duced to 74-m/s average axial velocity for the ions at
z 5 1.5 cm. Similarly, Figure 4D shows a reduction in
the radial velocity to 67 m/s from 396 m/s (Figure
4C).
Thus, the computations show that by z 5 1.5 cm: (1)
there is a strong radial focusing of ions and radial
velocity damping at least by a factor of ;6; (2) There is
axial velocity damping by a factor of ;14. Calculations
performed for ions of different masses and charge states
gave rather similar values for the damping factors.
Although ions of larger mass lose less energy in a single
collision, such ions have larger collision cross sections
[19, 20], so it appears that these effects tend to cancel
each other. However, it is difficult to draw any certain
conclusions because of the nonanalytical character of
the Monte Carlo method. The analytical model of the
process proposed recently [18] may help to elucidate
these questions.
Figure 3. Computer simulation of ion motion in the quadrupole
ion guide for myoglobin ions. (A) Projection of ion trajectories on
(yz) plane. (B) Energy Ez of the ions as a function of position along
the quadrupole z axis, where Ez 5 1/2mvz
2. (C) The energy Er of
the ions as a function of position along the quadrupole z axis,
where Er 5 1/2mvr
2.
Table 1. Parameters used for calculations of ion motion
Parameter Value
Ion mass 16,951 Da
Number of charges, z 15
Collision cross sectiona 4040 Å2
Pressure inside the rods 0.1 torr (1.33 3 1024 bar)
Amplitude of rf field 150 V
Frequency of rf field 2 MHz
aTaken from [19].
Figure 4. Histograms of the ion velocity components. (A) Axial
velocities at the input of the quadrupole ion guide. (B) Axial
velocities at a distance of 1.5 cm inside the quadrupole ion guide.
(C) Radial velocities at the input of the quadrupole ion guide. (D)
Radial velocities at a distance of 1.5 cm inside the quadrupole ion
guide.
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Time Delay Measurements
The time delay distribution for ions passing through the
ion guide was measured experimentally in order to
estimate the average velocity of the ions and to inves-
tigate the factors that determine this value. The exper-
imental setup is shown in Figure 5.
In normal operation electrosprayed ions pass
through the interface and arrive at the storage region of
the mass spectrometer as a continuous beam. Pulses
from a digital delay generator (DDG) are amplified and
applied to the extraction electrodes of the accelerator
column to inject ions into the flight path of the mass
spectrometer at a repetition rate of 3300 Hz, i.e., a pulse
every ;300 ms. These pulses also supply start signals
for an Orsay time-to-digital converter (TDC) that can
accept up to 255 stop signals from the detector within
an observation time 255 ms after the start signal, i.e., the
contents of the storage region (up to 255 mass values)
are sampled every ;300 ms.
In the experiment on time delay measurement, we
gate the continuous beam of electrosprayed ions to
modulate the ion intensity. Marker pulses are then
obtained from a frequency divider that divides the
operating frequency of the pulses coming from the
DDG (3300 Hz) by a given number (usually 33). A short
positive pulse ;100-ms long, generated by each marker
pulse (at 100 Hz 5 3300 Hz/33), is applied to the
focusing electrode (3) to allow ions to pass through the
first aperture plate into the quadrupole. Otherwise a
negative dc voltage applied to the focusing electrode
prevents ions from going through the first aperture
plate. The TDC continues to sample the contents of the
storage region every ;300 ms but the ion intensity in
this region is now modulated by the time delay of the
ions in the interface.
The marker pulse is also applied to a second input on
the TDC, which results in the production of a charac-
teristic signal at the TDC output. Recognition of this
signal by the computer starts a sequence of integrations
that yield the time distribution of the ions in the storage
region. First the ion signals in a specified mass-to-
charge ratio range acquired within the first observation
period are recorded, integrated, and the value obtained
is placed in a first histogram channel. The ion signals
from the next sampling ;300 ms later are stored in a
second histogram channel, and so on. In the present
measurements this process of integration and storage
was repeated until 33 channels were filled, representing
a total sampling time of ;10 ms.
When the next marker signal is recognized, the
histogramming process is repeated and the new values
are added to those already stored in the histogram. This
technique allows us to minimize the effect of ion signal
instability in the ES source on the final flight-time
distribution. A typical measurement lasted approxi-
mately 10 min.
The average transit time measured for several pep-
tide and protein ions with masses from 1347 to 66,500
Da turned out to be nearly the same: 1.4 6 0.2 ms
(Figure 6) when the “offset” voltage on the quadrupole
was approximately equal to the average of the voltages
on the first and second aperture plates. We have not
found any large difference in transit times for myoglo-
bin ions sprayed from solutions in which the native
structure is presumably preserved (pH 6–7.5, average
z ; 18) or not preserved (pH 2–3, average z ; 115),
which indicates that ions spend approximately equal
times in the quadrupole over a considerable m/z range.
Figure 5. Experimental setup for measurements of time delays.
The computer (Power Macintosh 7300/180) connected to the TDC
is not shown.
Figure 6. Distribution of time delays for different ions with a
quadrupole offset voltage ;13 V. (A) For double charged ions of
substance P (1347.74 u). (B) For ions of myoglobin (17,951 Da)
(native state). (C) For ions of albumin (;66,500) (denatured state).
Right: corresponding spectra of m/z regions in which the ion
signals were recorded and integrated (see explanations in the
text).
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The average time ions needed to go through the quad-
rupole gives an estimate of an average velocity with
which the ions move through the quadrupole ion guide:
^v& ; 25 m/s for all measured ions. This value for an
average ion velocity is about the same order of magni-
tude as the velocity calculated for thermal equilibrium
(3/2 kT) with the molecules of the buffer gas (for
example, ;70 m/s for ions with m/z ; 1000 m/z).
Because the ions start with velocities ;1000 m/s, it
suggests that most of the transit time occurs after the
ion velocity approaches thermal values.
The flight time increases substantially when the
“pulling” voltage at either end of the quadrupole is
decreased to zero, indicating that the axial ion motion is
strongly influenced by penetration of dc electric fields
into the quadrupole. Figure 7 shows that when there is
no potential difference between the first aperture plate
and the quadrupole, or between the quadrupole and the
second aperture plate, the flight-time distribution for
substance P ions becomes very wide, indicating the
transformation of the pulsed ion beam into an almost
continuous one.
A long residence time of ions in the quadrupole may
result in undesirable chemical reactions giving in-
creased formation of adducts, as shown in Figure 8 for
cytochrome c. This process is observed in our instru-
ment when the buffer gas contains impurities.
The flight-time distributions measured for the ions of
different compounds show that the penetration of dc
electric fields (fringing fields) from both ends of the
high pressure rf-quadrupole ion guide plays an impor-
tant role in the ion motion. After this finding we have
incorporated fringing fields in the computer program
discussed above, but the simulations show that there
are still some regions inside the quadrupole where the
ions move with drift velocities less than the threshold
velocity determined by thermal equilibrium conditions.
Whether it is gas dynamic “wind” or space charge that
makes the ions move under these conditions is still an
open question.
Mass measurements
rf Only Operation Mode
Decreased m and m/z discrimination. The new interface
allows complete control over the energy of the orthog-
onally injected ions by applying an appropriate voltage
to the second aperture plate. The optimum deflection
potential no longer depends on the mass of the ion, and
is in fact the same for a wide range of m or m/z and
declustering potentials. This enables us to examine
different compounds over a large range of m/z without
appreciable discrimination.
Figure 9 shows the m/z spectrum of a mixture of four
compounds, substance P (1346.74 Da, 1-mM concentra-
tion in the solution), cytochrome c (12,360 Da, 1 mM),
the tetramer of soybean agglutinin (SBA, ;116,000 Da,
Figure 9. The m/z spectrum of a mixture of four compounds:
substance P, cytochrome c, SBA tetramer, and catalase HP II
tetramer.
Figure 7. Average time delay plotted as a function of the
potential on the quadrupole Uoffset. When Uoffset approaches the
values of the potentials on the first (19 V) or the second (10 V)
aperture plate, the time that the ions of substance P spent in the
quadrupole increases. The dotted lines above and below the time
delay curve indicate the change in the width of the time delay
distribution.
Figure 8. m/z spectra of cytochrome c recorded with: (A) A small
accelerating potential at the output of the quadrupole (DU 5 0.5
V). (B) No accelerating potential. (C) A small decelerating poten-
tial (DU 5 20.5 V) at the output.
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3 mM) and the tetramer of catalase HP II (;339,100 Da,
5 mM) prepared in a water/0.08% acetic acid solution.
The slightly acidic condition of the solution has par-
tially denatured the catalase HP II tetramer so it ap-
pears with a bimodal charge distribution. The multiple
small peaks in the cytochrome c m/z range are impuri-
ties from the catalase HP II sample.
Because the observation time for our TDC is limited
to 255 ms the first part of the spectrum was obtained for
an m/z range 0–6380. After introducing a 200-ms delay
in the start signal we were able to measure the mass
spectrum over the m/z range 4165–20300. Both parts of
the m/z spectrum were obtained with the same distri-
bution of voltages in the ion interface and the two parts
were joined together at ;6000 m/z.
The spectrum shows the capability of our TOF III
instrument with the new interface to cover a large mass
range. The m/z peaks of the 12-mer of the catalase HP II
with a mass more than 1 MDa are as easy to identify as
the doubly charged peak of substance P.
An even higher m/z range (up to ;30,000 m/z) has
been examined recently on the mass spectrometer in an
initial attempt to detect the intact brome mosaic virus
(M.W. ; 4.65 MDa). Although we were able to detect a
signal that presumably arises from the intact virus, the
charge distribution was not resolved because of the
high heterogeneity of the sample [21].
Resolution
It has been shown that deflecting ions to optimize
transmission leads to reduced resolution [5, 22]. How-
ever, if the ratio of the kinetic energy of the orthogo-
nally injected ions and the energy they acquire in the
acceleration region has the proper value determined by
the instrument’s geometry, a deflection voltage is no
longer necessary to steer the ions to the detector. For the
geometry of our instrument, the kinetic energy of the
orthogonally injected ions should be ;6–7 eV. This
condition can be easily provided by applying the
proper voltage to the second aperture plate.
Figure 10 shows the deconvoluted spectrum of bo-
vine insulin (average M.W. 5733.58 Da), demonstrating
that a resolution of ;10,000 can be achieved by careful
adjustment of the instrumental parameters. The routine
resolution is less, about 7,000 evaluated for the single
and double charged peaks of substance P.
The resolution remains reasonably high for a broad
mass range. Figure 11 shows the spectrum of E. coli
citrate synthase obtained from a 1025-M solution of the
protein in 5-mM ammonium bicarbonate buffer. The
measured masses of both dimer and hexamer agree
well with the theoretical masses 95,770 and 287,310 Da,
calculated on the basis of mass of the monomer 47,885
Da, derived from the known amino acid sequence. The
mass resolution for the dimer ;1800 is slightly less than
for the hexamer (;2000), apparently because the dimers
start fragmenting at high declustering potential (DU 5
300 V, in this experiment), which may lead to the
broadening of the peak. The partially resolved peak due
to the sodium adduct in the fine structure of the
hexamer peak suggests that a somewhat higher resolu-
tion (;10,000) could be achieved if the sample were
sufficiently purified. In any case, the resolution
achieved was sufficient to resolve separate additions of
the NADH ligand to the CS dimer and the hexamer [17].
Sensitivity
The rf quadrupole significantly increases the sensitivity
of the TOF III mass spectrometer. Figure 12 shows a
comparison of two cytochrome c spectra obtained be-
fore (a) and after (b) installing the new ion interface.
Both spectra are plotted on the same scale. The amount
of the sample consumed in the latter case was ;350
times less. This is one especially favorable case, but on
average, the ion interface gives us now from 2 to 10
times better sensitivity for a variety of samples. The
improvement appears to be larger for higher masses
and yields a sensitivity in the femtomole range for
proteins of M.W. ;100,000 Da. Figure 13 shows the
spectrum of soybean agglutinin (SBA, M.W. ;116,000
Da) recorded in 10 s. 120 fmol of the glycoprotein was
Figure 10. Deconvoluted mass spectrum of bovine insulin with
isotopic peaks resolved.
Figure 11. m/z spectrum of citrate synthase and deconvoluted
mass spectra of the citrate synthase dimer and hexamer. The
resolution for both mass peaks (FWHM) is about 2000. Partially
resolved sodium in the hexamer peak suggests higher resolution
;10,000 at mass 287,320 Da; declustering potential DU 5 300 V.
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consumed using a conventional electrospray. The mass
spectrometer has higher sensitivity (in the attomole
range) for the same sample using a nanospray tech-
nique [23].
Mass Filtering Mode of Operation
In order to cover the maximum m/z range for ion
transmission through the quadrupole ion guide, the
operating frequency is taken to be ;2 MHz, the maxi-
mum value provided by the signal generator. It gives a
cutoff at m/z 70 by applying a peak rf voltage of ;500
V to the ion guide. Figure 14A shows the mass spectrum
of leucine enkephalin (M.W. 555.28 Da) obtained at a
low declustering potential (DU 5 100 V). The bunch of
peaks in the low m/z range is not caused by sample
fragmentation but by “chemical noise,” impurities that
are always present in any sample. It is possible to filter
out this noise by either increasing the amplitude of the
rf driving voltage or decreasing its frequency. The
second is preferable to avoid a discharge between the
quadrupole rods. When the operating frequency equals
320 kHz the mass cutoff is ;550 Da so that no noise
Figure 12. Comparison of the sensitivities of the TOF spectrom-
eter for cytochrome c. (A) Before installing the new interface. A
1026-M solution of cytochrome at a flow rate of ;0.01 mL/s in 5-s
recording time. Total number of counts of cytochrome c ions
;2150. (B) After the quadrupole ion guide was installed in the
interface. A 1027-M solution of cytochrome c at a flow rate of ;1.4
nL/s in 1 s recording time. Total number of counts of cytochrome
c ions ;1500.
Figure 13. The m/z spectrum of SBA tetramer (M.W. ;116,000
Da) recorded in 10 s. A 4 3 1025-M solution of SBA at a flow rate
2.8 nL/s. Approximately 120 fmol of the glycoprotein was con-
sumed to obtain the spectrum. The total number of counts of SBA
ions ;17,000.
Figure 14. The m/z spectra of leucine enkephalin (555.28 u). (A)
frf 5 2 MHz, Urf 5 500 V, DU 5 3 V at the exit of the quadrupole.
(B) frf 5 320 kHz, Urf 5 500 V, DU 5 3 V at the exit of the
quadrupole. (C) frf 5 320 kHz, Urf 5 500 V, DU 5 34 V at the exit
of the quadrupole. (D) frf 5 320 kHz, Urf 5 500 V, DU 5 64 V at
the exit of the quadrupole. The excess kinetic energy that the ions
gain in collisional induced dissociation was compensated by
proper adjustment of the voltages on the steering plates.
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signal is observed up to the quasimolecular ion peak,
the most abundant one in the spectrum in Figure 14B.
This mode of operation is convenient for performing
collisionally induced dissociation at the exit of the
quadrupole. Figure 14C, D shows two fragmentation
spectra of leucine enkephalin obtained at 34 V and 64 V
difference between the offset of the quadrupole and the
second aperture plate (5-mm gap). The fragmentation
pattern obtained in this region with a collision gas
thickness ;3.5 3 1015/cm2 is similar to that described
previously for some small peptides [24].
Another interesting possibility to obtain meaningful
fragmentation by adjusting the frequency and ampli-
tude of rf field near the threshold of the stability of ion’s
motion has been exploited recently by Dodonov et al.
[12]. It has been shown that some ions can be heated up
yielding extensive fragmentation (detected after the
precursor peak in the mass spectra). Such a technique
has been also successfully implemented in our TOF III
instrument.
Figure 15B, C shows the possibility of using the ion
guide for filtering particular masses even though the
quadrupole operates at very high pressure. Cytochrome
c was electrosprayed from weak acetic acid solution
(0.05%) so that both denatured and native forms are
presented in the spectrum in Figure 15A. The filtering
was performed by adjusting the frequency and small
positive and negative voltages applied to each pair of
rods (up to 630 V). Mathieu parameters a and q were
changed independently [25]. Although the ;80 m/z
window used corresponds to rather poor resolution, it
allows us to filter each charge distribution. The losses
that occurred by filtering the ion peaks using the 80
m/z window appeared to be less for substances with
bigger m or m/z and vary from ;100 for double charged
peak of substance P to ;10 for cytochrome c.
Conclusions
Mass range, sensitivity, and resolution of our ESI/TOF
III instrument have been considerably improved by
installing a quadrupole collision ion guide in the atmo-
sphere/high vacuum interface. These three most impor-
tant characteristics of any mass spectrometer were
achieved at the same time. Measurements on time
delays and the results of simulations of the ion motion
inside the collisional ion guide confirm the main ideas
underlying its operation. Both transverse and axial
velocities that the ions acquire in the free expansion/
declustering processes are damped to very low values,
whereas the ions are constrained close to the quadru-
pole ion guide axis. This enables us to obtain a highly
focused beam of ions with a well defined kinetic energy
prior to its injection into the storage region of the mass
spectrometer.
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Appendix
Our simulation of the ion motion makes a number of
simplifying assumptions. It is based on an iterative
three step procedure:
(1) We assume that the probability of having a
collision in a distance l with a molecule of a buffer gas
of density n is:
P~l ! 5 e2snl (1)
The mean free path fp can then be computed as:
fp 5 2
ln~j1!
sn
(2)
where s is the collision cross section and j1 is a random
number between 0 and 1. The time t until the next
collision is approximated as:
t 5
fp
uv0u
(3)
where uv0u is the ion speed at the moment of collision.
(2) Between collisions, the ion motion is modulated
by the rf field and we numerically solve the Mathieu
equation over a time interval t using Euler’s method
[26] with small time slices Dt (Dt , 10 ns). The
equations of motion in the x and y directions are
defined by [25]:
d2x
dt
1
NeVx
m1r0
2 cos vt 5 0
(4)
d2y
dt
2
NeVy
m1r0
2 cos vt 5 0
where m1 is the mass of the ion, e is the charge of an
electron, N is the number of electronic charges on the
ion, r0 is half the spacing between opposite poles (3.5
mm in the present case), v is the angular frequency of
the rf field, and V is the maximum amplitude of the rf
field. The coordinate system is shown in Figure 2.
(3) The ion’s new velocity components (vx9, vy9, vz9)
after collision are computed based on a hard sphere
collision model with stationary gas molecules.
In the coordinate system (x9, y9, z9), in which the
Figure 16. Comparison of the distribution of scattering angles
obtained in a typical program run (histogram) with the theoretical
distribution (solid line) described by eq 7.
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direction of the z9 axis coincides with the direction of
the initial velocity vector these components are
vz9 5
m1 1 m2 cos u
M
uv0u
vy9 5
m2
M
uv0u sin u cos f (5)
vx9 5
m2
M
uv0u sin u sin f
where m1 is the mass of the ion, m2 is the mass of the
buffer gas molecule, M 5 m11m2, u is the center-of-
mass scattering angle, and f is the azimuthal angle
between the x9 axis and the plane of scattering.
For hard sphere collisions, the scattering is isotropic
in the center-of-mass system (CMS) [27], so the proba-
bility of scattering into the spherical polar element of
solid angle dV 5 du sin udf at angles (u, f) is
P~u, f! dV 5
du sin udf
4p
(6)
Integrating over f yields the probability of scattering
through angle u:
P9~u ! du 5
sin ~u !
2
du (7)
For application of the Monte Carlo method we follow
the standard procedure [28] and set
j2 5 E
0
u
P9~u ! du 5
1 2 cos ~u !
2
(8)
and
j3 5
f
2p
where j2 and j2 are random numbers between 0 and
1.
Figure 16 compares the distribution of scattering
angles obtained in a typical run with the theoretical
distribution given by eq 7 above.
Finally, all the velocity vector components are re-
transformed into the original coordinate system (x, y,
z) using a coordinate transformation [29]. Then, we go
back to step (1).
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